For a number of years, it has been assumed that the Bunsen-Roscoe reciprocity law is valid for phototropic curvature (21, 30) . This law states that if light intensity and time of exposure are varied in such a way that the product of the two remains constant, the photochemical effect of the light should also remain constant (13) . Thus it was thought that if plants were exposed to unilateral light, a uniform curvature response could be obtained, all other conditions being constant, provided only that the product of light intensity and exposure time remained the same. Indeed, Fr6schel (19) and Blaauw (4) showed the reciprocity law to be valid over a wide range of intensities for Lepidium seedlings and Avena coleoptiles, respectively. However, their investigations were limited to the low dosages necessary to elicit the first measurable response. Similarly Fuller and Thuente (20) confirmed the law for a number of plants, again only for low dosages. Haig (23) subsequently confirmed Blaauw's results with Avena coleoptiles using unilateral "violet" light and low dosages. Numerous other examples are discussed by Du Buy and Nuernbergk (16) .
Thus the reciprocity law is generally accepted for phototropism (21, 30) despite the fact that confirmation at high dosages has not been obtained. Indeed, Arisz (1) clearly demonstrated that the law is not valid for negative curvatures; he suggested that it is only of limited applicability, and Bremekamp (10) concluded that it was valid neither for negative curvature nor for "second positive" curvature (see below). There are references, furthermore, indicating that the law is not necessarily valid either if the stimulus is intermittent rather than continuous (14, 22) or if it is administered in anything but a strictly unilateral fashion (1, 10, 16, 28) . These various exceptions will be considered in the discussion.
In 1934, Du Buy and Nuernbergk (15) suggested a phototropic dosage-response curve for Avena coleoptiles. From their results, Went and Thimann (33) plotted curvature response to unilateral liglht against the logarithm of the dosage of white light in meter-candle-seconds (MCS), and obtained the graph reproduced in figure 1 . The three response peaks are usually designated first, second, and third positive curvature; and the valley between first and second positive curvature, which is actually negative, is designated first negative curvature. It should be pointed out that Went and Thimann's curve is actually a simplification of the data of Du Buy and Nuernbergk, since reaction times following the beginning of the light stimulus were not indicated, and were not the same for all dosages. Thus the absolute magnitude of curvature is less significant for the present consideration than the direction of curvature with respect to light dosage.
Preliminary experiments with corn coleoptiles (11) indicated that the reciprocity law is not valid over the complete range of light dosages indicated in the Du Buy and Nuernbergk curve (fig 1) . Above a certain dosage (1,000 MCS) the law fails at high intensities and the magnitude of the curvature response decreases. As the dosage is progressively increased above this value, failure of the law becomes increasingly drastic. The present study will describe results of experiments investigating phototropic reciprocity relationships of Avena and Zea coleoptiles over a wide range of light dosages. The bearing of these results on the shape of the phototropic dosageresponse curve will be considered, and experiments suggesting possible reasons for the failure of the reciprocity law at intermediate and high dosages will be discussed.
Zea coleoptiles were selected for the majority of the experiments described below since a certain amount of information was already available concerning their auxin relationships during phototropism (12) . These coleoptiles are more suitable for auxin diffusion studies than those of Avena since they are larger in cross-sectional area, and consequently easier to manipulate. Phototropic auxin diffusion studies in addition to those mentioned above have been made and will be discussed in detail in another paper. after soaking), each seed was transferred to a plastic vial. The root extended into deionized tap water, the seed was just above the water, and the coleoptile passed through a small hole in the lid of the vial. The vials were assembled into rows of eight, on wooden racks. It was possible to rotate the vials so that the straightest vertical dimension of each coleoptile was in the plane of the rack, and at right angles to the unilateral light source. Due to the morphology of the corn seedling, this procedure placed the longest horizontal axis of each coleoptile in a direct line with the light source, and therefore, likewise, the plane of the two vascular strands. The coleoptiles were exposed to unilateral light when they were between 2.0 and 2.5 cm in length, usually about 90 hours after the initial soaking. Following the light exposure, each vial was rotated 900 around its vertical axis, so that the curvature of each plant developed in the plane of the row. Early experiments indicated that curvature was at a maximum 2 hours following the beginning of the light exposure. Thus at this time shadowgraphs were made of each row on glossy photographic paper, and permanent records of curvatures obtained.
These were measured with a goniometer such as is normally used to measure Avena curvature (33) . In the data presented below, each curvature value represents the average of eight plants. Since the corn coleoptile is an unfortunately variable organ both in size and phototropic sensitivity, and standard errors were usually high (min ± 0.570, max 4- One difficulty arose from the fact that the first internode of this variety of corn can be only partially suppressed by red light. Thus, at the time of exposure, each plant possessed a rather irregular first internode with its own phototropic sensitivity. It was therefore necessary to shield the plants during exposure so that no light reached either the base of the coleoptile or the internode below. However, all but approximately the lowest 2 mm of each coleoptile was exposed to light, rather than just the tip. Since at high light intensities it was possible that sufficient light scattering might occur to bring about a phototropic response from the lower and non-illuminated parts, the magnitude of coleoptile curvature was determined by measuring only that part of the coleoptile more than 2 mm above the node. Plants in which the node showed obvious curvature were discarded.
Victory oats (Avena sativa L. var. victory) were hulled and soaked in tap water for exactly 2 hours. They were then set embryo up in petri dishes on two layers of moist filter paper and exposed to 4 hours of red light to suppress the first internodes. Twentyfour to thirty hours after the initial soaking, the seeds were individually planted with the roots extending into 1 figure 3 indicates that for a dosage of 1,000 MCS, the reciprocity law is valid for corn, at least between intensities of 2 and 1,000 meter-candles. However, figures 4 to 8 indicate that as the dosage is progressively increased, failure of the reciprocity law becomes increasingly evident. The amount of time during which the dosage must be administered to obtain maximum response and validity of the reciprocity law increased from approximately one minute (log MCS = 3.5) to more than 35 minutes (log MCS = 5.5).
Figures 7 and 8 indicate another feature of considerable interest. As the light intensity in these two cases is progressively increased, the curvature response gradually decreases to zero. However, continued increase of the light intensity above 1,000 meter-candles produces a significant amount of positive curvature, more pronounced at the higher dosage (log MCS = 5.5). Auxin distribution studies to be considered elsewhere suggest that the positive curvatures to the left and right of the minimum may be mediated by different mechanisms. Figure 9 illustrates the relationship between dosage and the approximate maximum limiting intensity above which the reciprocity law fails. It will be recalled ( fig 3) that at a dosage of 1,000 MCS such failure does not occur, at least at intensities up to 1,000 meter-candles. Furthermore, the literature cited in the introduction indicates that it does not occur for lower dosages at even higher intensities than those used in the present study. As the dosage is progressively increased however, a limiting intensity is suddenly imposed, and decreases rapidly to a minimum of about 30 meter-candles when the dosage is 10,000 MCS. As the dosage continues to increase, the limiting intensity then begins to increase. This curve suggests that at dosages of 10,000 MCS or less, one mechanism, mediated by one pigment system, may be operative, while above this dosage, a second and somewhat less sensitive mechanism, mediated bv a pigment system both less sensitive and perhaps with a different pattern of failure, may become of increasing importance. This possibility will be considered in the discussion.
PHOTOTROPIc 25 30 INTENSITY., METER CANDLES 20 30 TIME, MINUTES However, at higher dosages, the amount of curvature obtained under optimum conditions is considerably higher, either approaching or slightly exceeding 30°.
These results suggest that a dosage-response curve obtained under conditions of light intensity and time suitable for maximum curvature might be quite different from that shown in figure 2, obtained using short and relatively high intensity exposures. Figure  10 illustrates a typical dosage-response curve obtained when care is taken that each dosage is administered under conditions in which the reciprocity law is valid. The curve is step-shaped, with a first and second increment corresponding to the first and second positive curvatures of the earlier graphs (figs 1 and 2).
It has long been known that the tip of the Avena coleoptile is approximately 1,000 times as sensitive to unilateral light as the more basal regions (26) . Frequent distinction has been made between "tip curvature" and "base curvature" to distinguish between the phototropic responses of these two regions, and the two responses are discussed in detail in a review by Went (32) . The experiments of Boysen-Jensen (6) and Boysen-Jensen and Nielsen (7) relationships of pigment system failure and light absorption by the tips.
RESPONSE FAILURE OF CORN AT HIGH LIGHT IN-TENSITIES: There are several reasons why the phototropic system might be expected to fail at high light intensities. One of these is that a large amount of light scattering might obscure the light differential between lighted and shaded sides. A second is that the phototropic response might be limited by a thermochemical (lark reaction as was observed to be the case with photosynthesis (17, 18) . A third is that sustained high intensity light might result in receptor pigment inactivation by photo-oxidation or some other reaction. A fourth possibility, to be considered in the discussion, is that light in some way directly inhibits the lateral translocation system. The first possibility, based on a disappearance of the light differential, may be readily eliminated by the results of flashing light experiments similar to those used for photosynthesis (17, 18) . Figure 15 shows the results of a typical experiment. In all cases shown in this figure, the total dosage was 31 figure 16 was designed to determine the effect of high intensity light on the phototropic system by studying the system's behavior following the high intensity exposure. In these cases the plants were exposedl twice to light.
The first exposure was one of those described just above, a dosage of 31,600 MCS, and conditions known to produce little or no response. The second exposure was 1,000 MCS, at which dosage failure of the reciprocity law does not occur, and a consistent tip curvature response is always obtained. The two horizontal lines indicate the curvatures of controls exposed separately to one or the other of the dosages described above. The curve between illustrates the results of double exposure, with the abscissa representing the time between exposures. This time was always measured from the end of the initial exposure to the beginning of the final one. For 2 minutes following the first exposure the second is completely ineffective and a total refractory period is observed. For approximately the next 18 minutes the plants gradually recover their phototropic sensitivity (tip curvature in this case) and pass through a partial refractory period. Twenty minutes after the initial exposure the final one is again completely effective, and the photosensitive system for tip curvature has apparently returned to normal. Almost identical results were obtained with Avena.
Thus a light dosage of 31,600 MCS administered to corn coleoptiles in 2 minutes does cause changes in the tip curvature photosensitive system unlike those obtained with the same dosage administered at one-tenth the intensity and ten times the duration. Not only are these changes ineffective in bringing about a curvature response, but, following them. the system has completely lost its normal phototropic sensitivity. Twenty minutes are required to recover normal sensitivity. A limiting dark reaction therefore can not be considered as the sole reason for failure of the reciprocity law, and pigment inactivation by high light intensity provides an alternative possibility.
DISCUSSION
The Bunsen-Roscoe reciprocity law is valid for phototropic curvatures, but only within a closely circumscribed range of dosages. A survey of the literature reveals that at threshold light dosages, a curvature response is dependent only upon the total energy impinging on the system, and is independent of the manner in which the light is administered (4, 19, 20) . Furthermore, both Arisz (1) fig 13) , both studies are apparently dealing with the same phenomenon and the conclusion that the reciprocity law is of limited applicability is the same. The earlier authors were clearly aware of the lack of validity of the reciprocity law at high dosages of light. Thus the concept of an effect of light on the Stimmung or sensitivity (tonus) of the phototropic system(s) arose. When plants are given a dosage of light from all sides. their subsequent sensitivity to a unilateral dosage is clearly reduced, the amount of reduction depending upon the magnitude of the preillumination. Arisz (1) investigated this matter in detail and subsequent authors gave considerable thought to its explanation (10, 16, 28) . Thus a high intensity unilateral illumination might itself reduce the phototropic Stimmung in such a way that the responsiveness of the phototropic system to the unilateral illumination might be reduced, and the reciprocity law would be invalid. On the other hand, should the same dosage of unilateral light be administered at a low intensity, it seems possible that a reduction in Stimmung might well not occur until phototropic induction was complete, if it indeed occurred at all, and the reciprocity law would appear valid.
The Weber-Fechner law states that when an organism is subjected to two stimuli (presumably opposing) of different intensity, the response is not proportional to the absolute difference between the two, but rather to their ratio. Pringsheim (25) demonstrated the validity of this law for the reaction threshold of phototropic curvature using opposed light sources and Avena coleoptiles, and Fuller and Thuente (20) confirmed it for a number of different plants and a number of different dosages. Thus if the opposing dosages were large, the absolute difference between the two had to be far larger to give threshold curvature than if they were both small, but in both cases the ratio was the same. In this case also, one is forced to the conclusion that sensitivity to unilateral light is reduced by light itself, and that the reciprocity law could hardly be considered valid.
There are several papers concerned with the effect of intermittent light stimuli as compared with continuous ones of the same total energy. Nathansohn and Pringsheim (24) The above discussion illustrates the danger of assuming complete validity of the reciprocity law under all conditions, and figure 8 illustrates this danger. In the experiment shown, it was possible to obtain three distinct results from intact and non-preilluminated coleoptiles from continuous illumination without varying the dosage: first, with low intensity, substantial curvature, presumably resulting from two separate mechanisms (lateral transport and some type of light-growth reaction ); second, with higher intensity, failure of both of these mechanisms and no response at all; and third, with extremely high intensity, a curvature response apparently mediated by a third and entirely distinct mechanism. Actually even in the low intensity range within which the reciprocity law is valid, there is at present no evidence to suggest that the relative contributions of the first two mechanisms mentioned above are always the same.
It has already been pointed out that the tip of the Avena coleoptile is about 1,000 times as sensitive to unilateral light as the base (26) . Data presented above indicate the same situation to be found in the corn coleoptile. A dosage between 50 and 100 MCS is sufficient to elicit first perceptible tip curvature, whereas a dosage above 10,000 MCS is required to obtain any base response, and hence the beginnings of second increment curvature (see fig 10) . Brauner (8) has done experiments similar to those of BoysenJensen (6), Boysen-Jensen and Nielsen (7) (14) , described above, which also utilized monochromatic light. There remains therefore, the possibility of photoinactivation of receptor pigments by the same wavelengths effective in inducing curvature. Thus when high intensity light is administered in flashes of less than a certain length, only the first stage, suggested above, would occur, but not the second, and a normal response would be observed. The dark period might allow activated pigment molecules to dissipate their briefly stored energy to a phototropic response system and return to their pre-activatedI state. If, under the conditions of these experiments, light flashes were longer than a certain limiting minimum, the second stage might occur with some pigment molecules, resulting in their inactivation, and therefore in a less-than-maximum response. If the light were continuous, or the flashes excessively long, inactivation of all pigment molecules might occur, and the 20-minute refractory period would then represent the time required either for them to be returned to their original pre-activated state or for de novo synthesis of receptor pigment, should the inactivated molecules be permanently destroyed.
There is, of course, an alternative hypothesis that at least for tip curvature, high intensity light does not affect the pigment system at all, but rather in some way affects the lateral transport system. In this case, negative curvatures such as those found in Avena coleoptiles would be mediated by some mechanism other than lateral transport, and the hypothesis suggested above to account for negative curvature would be invalid. However, the results of Asana (2) and Wilden (34) indicate that following exposure of Avena coleoptiles to dosages of light which elicit negative curvature, there is indeed an auxin differential between light and dark sides, but that the highest amount of diffusible auxin is obtained from the lighted side-the reverse of that described for positive curvature (12, 31) . Asana Since all of the experiments described above were performed under dim red light, it was important to determine the relationship between the reciprocity failure described above and red light irradiation. Miss Barbara Hill (pers communic) has shown that as long as a sufficient red light exposure has been made, the reciprocity failure curves obtained are virtually the same as those described above. Fortuitously, then, the experiments described in the present paper were done under optimum conditions.
The results presented above suggest that in corn coleoptiles there are at least three types of phototropic responses. At least one of these must involve lateral translocation of auxin or a precursor (12) . The nature of the other two responses, in terms of the role of auxin, will be considered in another paper describing detailed growth hormone studies.
SUMMARY
The Bunsen-Roscoe reciprocity law is valid for the phototropic curvature of corn and oat coleoptiles in response to unilateral white light only for light dosages of 1,000 meter-candle-seconds or less. The pattern of failure of the law at higher dosages is described in detail for corn and in brief for oats. A dosage-response curve for corn coleoptiles, obtained by administering all dosages under conditions of intensity and time within which the law is valid, differs considerably from that described in the literature for oat coleoptiles. It is step-shaped, with a first and second increment corresponding to the first and second positive curvature peaks of the older curve. First increment curvature is tip curvature, while second increment curvature is a combination of both tip and base curvature. It is suggested that the earlier curve is an artifact resulting from excessively short exposure times at high light dosages.
Negative curvature of oat coleoptiles is interpreted in terms of failure of the reciprocity law. It is thought that under conditions producing negative curvature, the phototropic system on the illuminated side of the coleoptile fails completely, but that enough light penetrates the coleoptile to activate the system on the shaded side, thus reversing the normal situation and producing curvature away from the light source.
Evidence is presented suggesting that reciprocity failure in corn coleoptiles, at least at one dosage (31,-600 meter-candle-sec), is the result of pigment inactivation, rather than of some limit imposed by a thermochemical dark reaction. The most reasonable hypothesis to account for this inactivation is that under conditions of high light intensity, a pigment molecule may become activated by light and then excited once again before sufficient time has elapsed for it to dissipate its briefly-stored energy to the phototropic response system. The second excitation results in inactivation of the pigment and a failure of curvature induction. If the phototropic system is completely inactivated in this manner, 20 minutes are required either for a return of the pigment molecules to their original pre-activated state or for de novo synthesis of pigment molecules to replace those inactivated, under the experimental conditions used.
